In situ band gap mapping of the V 2 O 5 001 crystal surface revealed a reversible metal-to-insulator transition at 350-400 K, which occurs inhomogeneously across the surface and expands preferentially in the direction of the vanadyl (V O) double rows. Supported by density functional theory and Monte Carlo simulations, the results are rationalized on the basis of the anisotropic growth of vanadyloxygen vacancies and a concomitant oxygen loss driven metal-to-insulator transition at the surface. At elevated temperatures irreversible surface reduction proceeds sequentially as V 2 O 5 001 ! V 6 O 13 001 ! V 2 O 3 0001. DOI: 10.1103/PhysRevLett.99.226103 PACS numbers: 68.47.Gh, 68.35.ÿp, 73.20.ÿr Vanadium oxides represent an important class of materials with high potential in many technological applications based on their diverse temperature-dependent electronic, magnetic, and catalytic properties (e.g., [1] [2] [3] [4] and references therein). There is a large variety of the vanadium oxide phases such as VO (V 2 , rocksalt structure),
Vanadium oxides represent an important class of materials with high potential in many technological applications based on their diverse temperature-dependent electronic, magnetic, and catalytic properties (e.g., [1] [2] [3] [4] and references therein). There is a large variety of the vanadium oxide phases such as VO (V 2 , rocksalt structure), V 2 O 3 (V 3 , corundum), VO 2 (V 4 , rutile), V 2 O 5 (V 5 , layered orthorhombic), etc. Depending on the ambient conditions and temperature, phase transformations between these oxides can occur. They may involve the formation of mixed valence phases. In addition, several vanadium oxides undergo metal-to-insulator transitions (MIT), e.g., V 2 O 3 at 150 K, VO 2 at 340 K. These complex structural and electronic transformations may play a crucial role in the behavior of vanadia-based systems.
Among the surface structures of vanadium oxides [4] , the V 2 O 5 001 surface seems to be the most studied [3, [5] [6] [7] [8] [9] [10] [11] [12] . This surface exposes vanadyl (V O) double rows along the [010] direction [ Fig. 1(a) ], which were observed also with scanning tunneling microscopy (STM) [10, 11] and atomic force microscopy [12] . Surprisingly, the V O termination has been found also for the most stable, (0001) surface of V 2 O 3 [4, 13, 14] , whereas the VO 2 110 surface appears to follow the respective bulk termination [1, 4, 15, 16] .
Since the thermally induced transformations of vanadium oxides may be initiated at the surface and even be restricted to the surface layers, it is important to study their surface structures in the early stages of transitions when several structures may coexist. In this respect, STM combined with scanning tunneling spectroscopy (STS) can provide direct information on both geometrical and electronic structures of oxide surfaces (see, e.g., [17] ). We here report thermally induced reconstructions observed by STM/STS on a V 2 O 5 001 single crystal surface. Data show that V 2 O 5 , which is not known for the MIT in the bulk, exhibits, however, the MIT at the surface which proceeds through the formation and anisotropic growth of vanadyl-oxygen vacancies and is followed by an irreversible surface reduction. The experimental findings are supported by density functional theory (DFT) and Monte Carlo calculations. The results may have strong impact both on catalysis and material science of vanadium oxides if the morphologies involve nanoparticles and ultrathin films.
The experiments were performed in ultrahigh vacuum (UHV, base pressure <2 10 ÿ10 mbar) chamber equipped with STM, low energy electron diffraction (LEED), and x-ray photoelectron spectroscopy (XPS). The V 2 O 5 001 single crystal (10 4 4 mm 3 ) was grown as described elsewhere [18] . The crystal was cleaved in UHV using adhesive tape. The LEED and XPS measurements were performed after STM studies in order to avoid electron induced damaging effects [5] .
A freshly cleaved crystal surface exposed very large terraces (up to few m in width) separated by monoatomic steps of 4 A in height. . While heating the sample up to 350 K and simultaneously monitoring the surface topography by STM we observed, in addition to the rowlike structure (labeled A in Fig. 2 ), domains with an apparently flat surface (labeled B), the area of which increases further while heating up to 400 K.
Structure A exhibits rows with an 11 A spacing similar to those observed on the pristine V 2 O 5 001 surface at 300 K [ Fig. 1(b) ], although atomic resolution has not been achieved. The tunneling spectra measured in several points over these A regions revealed, however, an average band gap of 0:6 eV, which is much smaller than that measured on V 2 O 5 001 at 300 K [1:8 eV, Fig. 2(b) ]. In contrast, B domains show spectra which are characteristic for metallic surfaces, which may explain a low corrugation amplitude reached on these domains.
Band gap maps derived from STS data (one spectrum per 1 nm 2 ) are shown in Fig. 2 . At 350 K, the domains with a metallic conductivity basically coincide with the B domains imaged by STM, as can be seen in Fig. 2(c) , and appear mostly as slightly elongated islands. At 400 K, the B domains coalesce and increase in area without significant changes in the tunneling spectra. The original surface topography and tunneling spectra of V 2 O 5 001 are fully recovered after cooling the sample back to the room temperature. Finally, XPS measurements at 300 K did not show any changes in the V3d and O1s core levels unless the sample is heated up to 800 K (see below).
Therefore, the STM/STS results show that the V 2 O 5 001 crystal surface in UHV undergoes a reversible restructuring resulting in the MIT, which must be limited to the surface layer(s) only since the bulk V 2 O 5 does not exhibit the MIT. It is known that the V 6 O 13 phase, which is formed from the O-defective V 2 O 5 phase by applying a crystallographic shear operation [2, 5, 6] , exhibits a metallic behavior above 150 K [20] . The structural similarity between these two phases is obvious considering their respective unit cells (V 2 O 5 : a 11:5 A, b 3:56 A.
V 6 O 13 : a 11:9 A, b 3:68 A). As a consequence, B domains could, in principle, be assigned to the first stages of the V 2 O 5 ! V 6 O 13 phase transition.
In order to rationalize the STS spectra [ Fig. 2(b) ] we performed DFT U calculations for the clean as well as defective V 2 O 5 001 surfaces containing either isolated vanadyl-oxygen defects or missing vanadyl-oxygen rows [21] . It is not expected that plain DFT with GGA-type functionals adequately describe the electronic properties of reduced transition metal oxide systems [22] .
The DFT U calculated density of states (DOS) of the clean V 2 O 5 001 surface yields a band gap of 2:3 eV (Fig. 3) , which is similar to the measured value of 1:8 eV [ Fig. 2(b) ]. The formation of isolated surface defects results in the reduction of the band gap down to 1:1 eV. The removal of any outmost vanadyl oxygen leads to 
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226103-2 significant lattice relaxation resulting in the formation of a V 4 -O-V 4 bond between the surface vanadium site (after removal of the vanadyl oxygen) and the vanadyl group of the layer beneath [19, 23] . The excess electrons localize at the V sites involved in the interlayer bonding and occupy V3d states that are split from the bottom of the conduction band. As a consequence, the band gap is reduced. For the missing-row structure, the metallic character is clearly observed (see Fig. 3 ). The DFT U calculated DOS of V 6 O 13 001 also exhibits metallic character [24] .
Earlier plain DFT calculations of reduced V 2 O 5 001 surfaces indicated that, starting from isolated vanadyloxygen defect, the defect formation energy of subsequent oxygen vacancies decreases with increasing number of neighboring defects along the vanadyl rows, and a facile reduction along the [010] direction was predicted [19] . These results suggest that the A domains may be attributed to a partially reduced V 2 O 5 001 surface with randomly distributed isolated vacancies, whereas the B domains are attributed to the missing-row phase with trenches of various lengths.
In order to see whether distributions like those shown in Fig. 2 (c) and 2(d) are compatible with this assignment, we employ Monte Carlo simulations as follows. The V 2 O 5 001 surface is modeled with the 2D-periodic network represented in Fig. 4 , each node being occupied by a vanadyl site or a vanadyl-oxygen defect site. Five pairwise interaction parameters, fitted to the DFT energies of Ref. [19] , describe the interactions between vanadyloxygen defect sites (Fig. 4) .
The network consists of 50 double rows of 2 150 sites, which corresponds to an area of 57:75 53:7 nm 2 . Ten trajectories, starting from random states, are simulated using the METROPOLIS algorithm [25] for a varying fraction of reduced sites (0%-100%, every 2.5%). The resulting uncertainty on the average energy is lower than 0.05 meV, which proves that the system is well thermalized. At the experimental conditions (<10 ÿ10 mbar of O 2 ), the fraction of reduced sites is approximately 2.6% and 3.1% at 350 and 400 K, respectively. To compare the predicted distribution of reduced sites with the experimental data, two particular states of the partially reduced surface were considered and the corresponding gap maps were modeled as follows. Each local electronic state was assumed to be felt by the STM tip over the area with a radius of 2.78 nm. The gap value was taken equal to the smallest gap within that radius.
Figures 2(e) and 2(f) show the results of MC simulation run at 300 K for 3% [ Fig. 2(e) ] and 7% [ Fig. 2(f) ]of reduced sites. Both experimental and calculated band gap maps exhibit a disordered pattern with almost the same amount of each color. [The upper part of Fig. 2(c) shows an elongated stripe missing in Fig. 2(e) , which in fact results from an accidental accumulation of several [010] oriented ''border sharing'' smaller domains.] Note that kinetic effects that may favor the formation of longer defective rows and thermal drift (which may influence experimental data) were not considered in the simulation.
Heating to elevated temperatures leads to the formation of V 6 O 13 001 in the first and to V 2 O 3 001 in the second stage as revealed by STM (see Fig. 1 ). These phase transformations occur only within the surface layers, whereas deeper layers maintain the V 2 O 5 crystal structure (see supporting information [26] ). After the first heating to 800 K, the STM images fit well the V 6 O 13 001 surface [ Fig. 1(e) ]. The protrusions in these images, recorded for the empty states basically comprising the V3d orbitals [24] , show the positions of the V cations in the surface layer. It seems plausible that during fast heating to 800 K, vanadyl oxygen is desorbed from the surface region, which cannot be replenished due to the low diffusion from the bulk. As a result, the O-deficient V 2 O 5 001 surface reconstructs into V 6 O 13 001, which indeed does not require strong atom displacements. There seems to be a critical concentration of the oxygen vacancies for the phase transformation to occur.
The STM images from the more reduced surface [see Fig. 1(f) ] are in fact very similar to those reported for V 2 O 3 0001 films [4] and therefore consistent with the observation of V 3 species by XPS (not shown). Full analysis of the stability plot for the different vanadia surfaces considered here as a function of temperature and oxygen pressure (see supporting information [26] ) revealed that the defective V 2 O 5 surface is the most stable phase at 350 K. At 400 K the defective V 2 O 5 surface remains the most stable phase; however, the defect concentration increases and defects form the missing vanadyl rows of various length. At 800 K the V 6 O 13 and vanadyl terminated V 2 O 3 phases become more stable than V 2 O 5 . As a result, the V 2 O 5 to V 6 O 13 and/or to V 2 O 3 phase transition is predicted as indeed observed by STM (see Fig. 1 ). This scenario is rationalized on the basis of thermodynamic data only. However, this does not provide information on the kinetics, i.e., under which circumstances reversibility occurs. This issue needs to be further studied.
In summary, using in situ STM and band gap mapping, derived from scanning tunneling spectroscopy data, we have observed a metal-to-insulator transition of the V 2 O 5 001 single crystal at 350 -400 K, which is restricted to the surface layers and occurs anisotropically across the surface. These findings are rationalized with the help of DFT and Monte Carlo simulations, on the basis of the formation of vanadyl-oxygen vacancies which preferentially grow along the vanadyl rows. Heating to elevated temperatures (800 K) leads to irreversible surface reduction which proceeds sequentially V 2 O 5 001 ! V 6 O 13 001 ! V 2 O 3 0001, as observed by highresolution STM.
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